A rat cDNA clone (pCD67) isolated from a cDNA library of regenerating sciatic nerve by differential hybridization screening revealed 75% homology on the nucleic acid level and 81% homology (including conservative amino acid changes) to the deduced amino acid sequence of the core protein of human dermatankhondroitin sulfate proteogly-1.75 KB very similar in size to the two decorin mRNA species previously identitied in connective tissue were detected by Northern blotting in both n o d and injured sciatic nerve and in the mature and embryonic rat brain. The steady-state level of the decorin 1.3 KB mRNA was very much higher in peripheral nerve than in the central nervous system or in other non-neural tissues (skeletal muscle, heart, colon, kidney). an decorin (PGII, PG40, PG-S2).
In situ hybridization experiments indicated that decorin mRNA is expressed by Schwann cells and vascular cells in peripheral nerve. In the spinal cord the ventral hom motor neurons and other neurons in gray matter showed specific hybridization signals. Furthermore, in situ hybridization indicated decorin expression in Purkinje neurons and cells of the molecular layer in cerebellum, and in neurons of the primary olfactory cortex and brainstem (pons). Our data clearly demonstrate decorin mRNA expression in distinct neural cell populations, suggesting yet unknown functions of this proteoglycan in the peripheral and central nervous system. (J l&tochem Cytochem 41:1383 (J l&tochem Cytochem 41: -1391 (J l&tochem Cytochem 41: , 1993 core protein, Voss et al. (1986) showed extracellular staining in cerebrum and cerebellum.
Studies on the expression of individual PGs were facilitated by cDNA cloning of several connective tissue PG core proteins (Fisher et al., 1989; Neame et al., 1989; Saunders et al., 1989; Doege et al., 1987; Bourdon et al., 1985) . Cloned core proteins included the chondroitiddermatan sulfate PG decorin (Day et al., 1986 (Day et al., ,1987 Krusius and Ruoslahti, 1986 ) that carries only one glycosaminoglycan side chain. Decorin (also named PGII, PG40, or PG-S2) belongs to a group of small interstitial PGs with core proteins containing leucin-rich consensus repeat sequences (reviewed by Stanescu, 1990) . Decorin is particularly interesting because it interacts with collagen and fibronectin via its core protein. This leads to a delay in collagen fibril formation in vitro or reduces the attachment of cultured fibroblasts to fibronectin, respectively (Winnemoller et al., 1991; Schmidt et al., 1987; Chopra et al., 1985; Vogel et al., 1984) . Decorin was further shown to bind to growth factors such as transforming growth factor p-1 (TGFPl), thus inhibiting the growth stimulatory effect of TGFkl on Chinese hamster ovary cells (Yamaguchi et al., 1990) . %FBI, in turn, is a potent regulator of decorin expression in many cells (Westergren-Thorson et al., 1991; Border and Ruoslahti, 1990; Breuer et al., 1990; Bassols and Massa@e, 1988) .
Although expression of decorin protein and mRNA has been demonstrated in a variety of connective tissues, such as cartilage (Rosenberg et al., 1985) , bone (Fisher et al., 1983) , tendon (Vogel and Heinegard, 1985) , skin (Pearson et al., 1983) , and sclera (Gregory et al., 1982) , very little information is available concerning the expression and cell localization of this proteoglycan in the peripheral and central nervous systems. Recently, Snow et al. (1992) found decorin immunostaining in amyloid-containing plaques and neurofibrillary tangles of Alzheimer patients, using polyclonal and monoclonal antibodies.
In this study a rat cDNA probe homologous to the human sequence of decorin core protein was'used for Northern blot analyses and in situ hybridization studies to investigate expression and cell distribution of decorin mRNA in the peripheral and central nervous systems of rat. HANEMANN. KUHN, LIE, GILLEN, BOSSE, SPREYER, MULLER 
Materials and Methods
Animals and Surgery. Adult Wistar rats (180-240 g) were anesthetized IP with chloral hydrate (625 mglkg bw). Sciatic nerves were crushed with jewelers forceps at upper thigh level (Muller et al.. 1986 ). Before RNA preparation from the distal stumps of injured nerves the lesion zone (2-3 mm adjacent to the site of injury) was removed and discarded. All animal experiments were performed according to the guidelines of the Animal Rights Law.
Isolation of RNA and cDNA Cloning. Isolation of total RNA and construction of a cDNA library from poly(A)' RNA of the distal segment of crushed sciatic nerves and selection of clones by differential colony hybridization with [32P]-dCTP-labeled first-strand cDNA from both the distal part of crushed sciatic nerves (7 days after lesion) and non-injured sciatic nerves have been described previously (Spreyer et al., 1990) .
DNA Sequencing and Computer Analysis. After subcloning of cDNA inserts into pSP65 (Promega Biotec; Madison, WI) and M13 (Boehringer; Mannheim. Germany) vectors, DNA sequences were determined by the dideoxy chain termination method (Sanger et al., 1977) with the T7 Sequencing kit (Pharmacia; Uppsala, Sweden). Sequence data were compared with the EMBL nucleotide sequence data library and the Swiss-Prot protein sequence data bank, using the programs fstnscan. nmatpus, translate, fstpscan, and pcompare (Intelligenetics; Mountain View, CA).
Northern Blotting. Eight to 17 pg total RNA was fractionated on 1.4% agarose gels containing 15% formaldehyde and transferred to Nytran NY 13 N membranes (Schleicher & Schuell; Dassel. Germany). Before transfer the gels were incubated in 1.5 M NaCI/O.15 M Na-citrate at room temperature (RT) twice for 10 min. Filters were pre-hybridized in 50% formamide, 5 x Denhardt's. 0.1% SDS, 5 x SSPE, 200 pglml sonicated salmon sperm DNA, and 100 pglml poly(U) and hybridized in the same solution containing the nick-translated probe (using [ 32P]-dCTP). Before exposure the filters were washed in 0.3 M NaC1/0.03 M Na-citrate/l% NaDodSO4 at RT for 5 and 15 min and then in 15 mM NaCIIl.5 mM Na-citrate, 1% NaDodS04 at 65°C twice for 30 min. Filters were stained with methylene blue before hybridization or with ethidium bromide after autoradiography.
In Situ Hybridization and Immunohistochemistry. In situ hybridization and immunohistochemistry were carried out according to a procedure previously described (Spreyer et al., 1991) . Briefly, tissue sections were pre- . Northern blot analysis with 10 pg of total RNA from sciatic nerve (SN), spinal cord (SC). brain (B), muscle (M). heart (H). colon (C), and kidney (K) . showing decorin expression levels in different tissues. Upper trace shows autoradiograph, lower trace staining of the filterwith methylene blue before hybridization.
S N 28s-
pared from peripheral nerves, brain, and spinal cord of adult rat. Three frontal sections through anterior frontal cortex, hypothalamus, cerebellum, and brainstem and one midline sagittal section were used to analyze cell localization in the brain. Tissues were fried by immersion in modified Bouin's solution (5% acetic acid, 4% paraformaldehyde, 0.8% picric acid), dissected, dehydrated, embedded in paraffin, and cut in 4 pm sections. For in situ hybridization deparaffinized sections were treated with proteinase K, acetylated, and pre-hybridized (Angerer et al.. 1987) . Run-off transcripts from a 313 BP pCD67 cDNA fragment were prepared with digoxigenin-UTF' and the DIG-RNA labeling kit from Boehringer. After hybridization
overnight at 55'C. RNAse A treatment (10 pglml in 0.5 M NaCI. 10 mM Tris-HCI. 1 mM EDTA, pH 8) was carried out at 37°C for 20 min. The sections were then washed three times in 2 x SSC at 55'C for 20 min and three times in 0.1 x SSC at 55'C for 30 min. Digoxigenin detection was carried out according to the manufacturer's instructions (Boehringer). For immunohistochemistry, deparaffinized sections were treated with 3% H202 in methanol for 5 min and then with 2% normal goat serum (NGS) in Tris-buffered saline (TBS) for 30 min. A rabbit antiserum to S-100 protein (1:10,000) (Sigma; St Louis, MO) diluted in 1% NGSlTBS was applied as primary antibody at 5'C overnight. Sections were incubated with biotinylated secondary antibodies (1:200) (Vector; Burlingame, CA) for 30 min. then with avidin-biotinylated peroxidase complex (1:SO) (Vector), and finally with diaminobenzidine for 5 min.
Results
A rat cDNA clone (pCD67) homologous to the human sequence of the core protein of the PG decorin (Krusius and Ruoslahti, 1986) was isolated from a cDNA library of regenerating rat sciatic nerve by differential hybridization screening according to Spreyer et al. (1990) . The sequence of the rat cDNA (327 BP) revealed 75% homology on the nucleic acid level and 81% homology, including conservative amino acid changes, to the deduced amino acid sequence of human decorin. The rat clone includes part of Domain 111, i.e., the leucine-rich consensus repeat region, and the C-terminal Domain IV of the core protein as described by Neame et al. (1989) .
The N-glycosylation site As11273 and the two cystein residues (Cys283 and Cys316) of human decorin (Krusius and Ruoslathi, 1986) appear at identical positions in the rat sequence. Moreover, the rat cDNA contains a 3' non-coding region of 70 BP with two putative polyadenylation signals 6 and 36 nucleotides upstream of the poly(A) tail. The nucleotide sequence of the core proteins of bovine biglycan (PGI) (Neame et al., 1989) , bovine fibromodulin (Oldberg et al., 1989) , and chicken lumican (Blochberger et al., 1992) , other members of the small interstitial PG gene family related to decorin, show 58%, 33%, and 41% homology to our rat cDNA sequence, respectively. Northern blotting of rat cDNA probe to total RNA from normal sciatic nerve of adult rat and from the distal segment of crushed nerve (1 week after injury) revealed two transcripts in both preparations, a prominent band of approximately 1.3 KB and a week band of 1.75 KB (Figures 1A and 1B) . The Northern signals with RNA from the injured nerve appear to be similar in intensity to those detected with RNA from non-injured nerve. Transcripts of the same size (1.3 and 1.75 KB) and relative steady-state concentrations could also be detected in both the adult and prenatal (embryonic Day E15) rat brain (Figures 2A and 2B) .
A comparison of the relative abundance of decorin mRNA in different rat tissues, e.g., sciatic nerve, spinal cord, brain, skeletal muscle, heart, colon, and kidney, is shown by Northern blot in Figure 3 . The steady-state level of the decorin 1.3 KB mRNA was very much higher in sciatic nerve than in any of the other tissues tested. Note that compared with Figure 2 we used lower amounts of mRNA and shorter exposure times to show the relative high abundance in sciatic nerve compared with the other tissues.
In situ hybridization of a digoxygenin-UTP-labeled anti-sense RNA probe (313 BP) to transverse sections of non-injured mature rat sciatic nerve and immunohistochemistry with antibodies directed to S-100 protein on adjacent nerve sections revealed that hybridization signals were confined to S-100-immunoreactive Schwann cells and (S-100-immunonegative) vascular cells (Figures 4A and 4B) . No hybridization signals were detectable in control experiments with a digoxygenin-UTF-labeled sense RNA probe (not shown).
In cross-sections of spinal cord, specific in situ hybridization signals with the anti-sense RNA probe were detected in gray matter neurons, including large cell bodies of anterior horn neurons ( Figures 5A and 5B ). In addition, there may be some weak but questionable staining of non-identified cells in white matter. How-ever, there was virtually no signal in other white matter regions, e.g., in brainstem. Several populations of brain neurons expressed decorin "A.
In cerebellum ( Figures 6A and 6B ) specific in situ hybridization signals with anti-sense riboprobe were detected in Purkinje cells and in cells of the stratum moleculare. Additional groups of neurons in the olfactory cortex (Figures 6C and 6D) and neurons in the brainstem (pons) (Figures 6E and 6F) were specifically labeled with anti-sense RNA probe.
Discussion
We have used a rat cDNA probe homologous to the human sequence of the small dermatankhondroitin sulfate PG decorin to investigate the expression and cell localization of decorin mRNA in the rat nervous system. Our cDNA clone (pCD67) detected two transcripts in both the peripheral and central nervous system, one transcript of approximately 1.3 KB expressed at a higher steadystate level and a much less abundant transcript of approximate 1.75 KB. Two decorin transcripts of approximately 1.6 and 1.9 KB were previously described for both human fibroblasts and placenta that relate to two alternative 3' non-translated regions identified in human decorin cDNA clones (Krusius and Ruoslahti, 1986) . In addition, Day et al. (1986 Day et al. ( ,1987 have detected two transcripts of approximately 1.4 and 1.8 KB in bovine tissues by Northern blotting with a bovine decorin cDNA clone. The latter transcripts are very similar in size to the two rat decorin mRNA species (1.3 and 1.75 KB) described here. It is interesting to note that in the nervous system the two decorin transcripts appear to be expressed at very different concentrations.
The relative steady-state levels of decorin mRNA in embryonic brain (El>) and in lesioned sciatic nerve (1 week after crush injury) are very similar to those in adult brain and non-injured nerve, respectively.
Decorin mRNA is expressed at much higher steady-state levels in the peripheral nervous system than in the CNS or in other nonneural rat tissues such as skeletal muscle, heart, colon, and kidney. This suggests an important but yet unknown function of decorin in peripheral nerve.
In a detailed study of decorin and biglycan expression in skeletal tissue Bianco et al. (1990) also mentioned decorin expression in connective tissue sheaths of peripheral nerve but did not elaborate on cell localization in this tissue. Here we show that decorin is predominantly expressed by Schwann cells and vascular cells in sciatic nerve. Expression in sensory neurons from spinal ganglia is questionable (unpublished observation). In spinal cord, decorin mRNA is expressed in large ventral horn motor neurons and other neurons dispersed throughout gray matter.
In different regions of the brain distinct subpopulations of neurons could be detected that express decorin. These include Purkinje cells and cells in the molecular layer of the cerebellum as well as groups of neurons in the primary olfactory cortex and in brainstem (pons) . In contrast to the peripheral nervous system, no glial cells in the CNS showed specific hybridization signal with our antisense riboprobe. Our data clearly demonstrate that the small PG decorin mRNA is expressed in mature and regenerating peripheral nerve and in embryonic and adult brain. Apparently, decorin is expressed not only by connective tissue cells but also in distinct cell populations of the nervous system. Expression of the decorin gene in Schwann cells, a highly specialized type of sheath cell in peripheral nerve and in ventral horn motor neurons that extend their axons through the ventral root into sciatic nerve is of particular interest, since decorin is known to interact with extracellular matrix molecules, such as collagen fibrils and fibronectin, which are abundant in peripheral nerve. Decorin is known to bind to collagen via its core protein, thus delaying collagen fibril formation and modulating extracellular matrix properties (Brown and Vogel, 1989; Scott, 1988; Vogel et al., 1984) . On the other hand, decorin inhibits fibroblast adhesion to fibronectin (Winnemoller et al., 1991; Schmidt et al., 1987) , a multidomain glycoprotein with neurite growth-promoting activity for peripheral (Baron-Van Evercooren et al., 1982) and central neurons (Matthiessen et al., 1989) . Furthermore, decorin has been shown to interact with transforming growth factor-pl (Ymaguchi et al., 1990) , a potent mitogen for Schwann cells (Ridley et al., 1989 ) and a survival factor for rat embryo motor neurons (Martinou et al., 1990) .
As a working hypothesis, we suggest that the small dermatadchondroitin sulfate PG decorin in the nervous system could play an important role in modulating the extracellular collagen matrix, cell adhesion to neurite-promoting fibronectin, proliferation of Schwann cells, and/or survival of distinct neuronal cell populations. The present investigation should stimulate further work on neural functions of decorin.
Literature Cited
Angerer LM, Stoler MH, Angerer RC (1987) 
